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FOREWORD

Theoretical models of the effect of quantum confinement in nanowire arrays show that
thermoelectric cooler efficiency can be enhanced several-fold using this strategy. Previous
experimental studies of well characterized samples failed to show an enhancement of the
thermopower, but the reason for this failure was not identified. We show that bismuth nanowires
have, in addition to bulk electrons and holes, a third type of charge carriers (surface charges).
The effect of surface charges is to shift the range of diameters over which the relevant
phenomena occurs. We investigated the range of diameters 20-200 nm and report thermopower
enhancements in 35 nm Bi nanowire arrays. We also show that array’s thermoelectric properties
can be further optimized by applying a magnetic field.
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|. STATEMENT OF THE PROBLEM STUDIED.

Our project aims to impact the technology of solid state thermoelectric coolers for night
vision devices. Solid-state cooling technology can be employed in high performance applications
if the thermoelectric conversion efficiency of the materials is increased by factor-two from the
current value. In our project, the approach to achieve this level of improvement involve the
electronic transport in materials consisting of dense arrays of bismuth nanowires. Theoretical
models of the effect of quantum confinement in Bi nanowire arrays, by Hicks and Dresselhaus
[1], show that the thermoelectric efficiency can be raised to the required level using this strategy.

Bulk Bi is a semi-metal that is a low temperature thermoelectric because of its high
electronic mobility, its low Fermi energy, and low thermal conductivity. In a Bi nanowire, the
effect of lateral confinement is to raise the zero-point energy of electrons and to lower that of the

holes by the confinement energy z2h*/m*d?, where h is Planck’s constant and m™ is the

corresponding carrier in-plane effective mass transverse to the wire axis. Quantum confinement
can decrease the band overlap to the point that, for very fine wires, the semimetal can transform
into a semiconductor. The detailed model of quantum confinement-induced semimetal-to-
semiconductor (SMSC) transition in Bi nanowires [1], predicts that the SMSC transition occurs

at d ~ 55 nm (for wires that are oriented along the trigonal direction). The argument for improved



thermoelectric properties assumes that confinement packs the carriers into one-dimensional
subbands in the gap. Let us assume that a given subband, consisting of states that differ in the
quasiparticle momentum parallel to the wire length, starts at £. Furthermore we assume that the
electronic system is prepared so that the Fermi level, Er, is tuned to correspond to the energy E.
Because the density of states (DOS) is singular (DOS ~ (Ep-E)""?) for such system, the resistance
is low and the thermopower that is the logarithmic derivative of the DOS, is enhanced. In the
past decade, there have been many projects, some under Army and DARPA sponsorship, that
aimed at demonstrating this effect. However, these previous studies have failed to conclusively
demonstrate thermopower enhancements. In the first stage of the project, we report identifying
the reason for this failure. We will show that the reason is that bismuth nanowires have, in
addition to bulk electrons and holes, a third type of charge carriers (surface charges). In the
second stage of the project, we report thermopower enhancements in 35 nm Bi nanowire arrays
and magnetic field effects that we will argue are due to quantum confinement.

Angle-resolved photoemission spectroscopy (ARPES) studies of Bi surfaces have shown
that Bi nanowires support surface states, with high carrier densities of around 5x70"” c¢m™ and
large effective mass [2]. Our own studies of the transport properties (using the Shubnikov-de
Haas (SdH) method) of 30-nm diameter Bi nanowires support the model of surface charges [3].
These carriers are located on the surface of the nanowire and have higher effective masses than
that of the bulk electrons and holes. Therefore the range of diameter over which the SMSC
transition occurs is moved to smaller diameters. The range of diameters that has to be
investigated is not, as in previous studies, the 40+ nm range but the 20+ nm range. Furthermore,
according to our estimates, the thermopower of this two dimensional sheet of charge should
dominate the thermoelectric properties. This is a good start because the surface states are by
construction restricted to the periphery of the nanowire and restricted from the core of the

nanowire.

We base our research in previous studies of the electronic transport properties of the wire array
samples. A review of these studies follows. We employ the high pressure injection [3] method to
prepare arrays of nanowires. When the injection pressure is adjusted to be very high, the
injection is full (all the channels of the template are full with bismuth) and the orientation

trigonal axis //wirelength, is illustrated in Fig. 1.



wires aligned along Figure 1. Fermi Surface of bulk Bi, showing
S the Brillouin zone with the fifth-band hole
pocket about the T-point and the three sixth-
band L-point electron pockets labelled A, B,
and C. The crystalline orientation of two
types of wires that can be grown is shown.
& High pressure injection yields nanowires
I % having their wire axis along the trigonal axis
_ I wiresaligned  or trigonal wires, the three electron pockets
surf::gk:‘:mers A @ns U0 yre crystallographically equivalent. The
A~ pocket labeled surface carriers will be
a (10101 discussed below. We also show the
- Bisectrix orientation of nanowires grown by M.
Binary Dresselhaus at MIT, oriented along [1011].
There nanowires have the binary symmetry.
We have access to nanowires with this
orientation through a collaboration. These
nanowires are grown by direct casting of

[0001]
trigonal

Hole pocket

-

microcapillaries [4].

This project required a method for analyzing the charge carriers involved in electronic
transport. We made use of the Shubnikov-de Haas method [5] that can be employed to measure
the charge density, that is the volume, and anisotropy of the Fermi surface (FS) and carriers
effective masses. A precondition for applying this method is the ability to prepare samples of
very high mobilities. Reference 3 only discusses the case of 30-nm wires but, recently, we have
applied this method to a number of samples of large diameters that also exhibit SdH oscillations.
Reference 6 shows results for 50 nm nanowires. The main results are shown in Figure 1 and
Figure 2. We observe two types of carriers, that is two Fermi surfaces. One type of carriers
correspond to the bulk carriers of low effective mass that are size quantized as the nanowire
diameter gets smaller (red ellipsoids in Fig 1). In trigonal wires the bulk states that we observe
are holes. The other type of carriers are surface modes (blue) that have high effective mass. The
identification of bulk versus surface modes is done on the basis of anisotropy and effective mass.
In Fig. 1, the diameter of the sphere that represents the surface carriers is dependent upon the
diameter of the nanowires because the volume of the sphere is the carrier concentration. For
example, in the case of 50 nm wires, the ratio of the bulk carriers concentration to that of surface

carriers is found to be ~1/6. The experimental results are shown in Figure 2. The full analysis of



the Fermi surfaces supports the picture presented in Fig. 2. For example, the anisotropy of the
Fermi surface of “bulk carriers” (not shown) change from being very asymmetric for the
bulk(1/d=0) to being spherical symmetric near the SMSC transition. Instead, the FS obtained

from the short period is spherically symmetric.[3]

14 | | | | | | '
Figure 2. Hole density for bulk
. ——— . Bi (1/d=0) and for Bi

12 | nanowires of various diameters
50 nm 30 nn at low temperatures using the

Shubnikov-de Haas method. We
observe two Fermi surfaces and
10 therefore two periods, a short
and a long one. The data for the
— long period F'S is indicated with
D squares and is believed to be

= e represent bulk carriers. The

T data for the short period is
~ shown as full circles and is
-

o

o

6 I interpreted as surface charges.

SMSC The dashed lines are an aid to
the eye. The dashed line in the
bottom of the figure shows the
4 | expected results for a SMSC
200 nm transition with a critical
diameter of 55 nm.

0 | | | L~ |
00 05 10 15 2.0 25 3.0 3.5

1/d (0.01/nm-1)

surface states as a sheath of charges in the nanowires. The presence of surface states in the

Figure 3 shows the

nanowires can transform them into nanotubes. As we shown in Section VI there are strong
indications that this in indeed the case because the nanowires exhibit Aharonov-Bohm

oscillations that are generally observed in tubes or rings.



Figure 3. Representation of the surface states. The
penetration length of the surface state in the core of the
nanowire is believed to be tens of nanometers in the case
of trigonal wires. This is found by estimating the diameter
of the orbits of carriers in real space that give the SAH
oscillation.

surface state

ECTIONII. THEORY, THERMOPOWER OF NANOWIRESWITH SURFACE
CHARGES,

The thermopower of Bi nanowires with surface charges can be estimated as follows.
Assuming a two-dimensional (2D) model and a parabolic dispersion relation, the number of

states per unit area (NOS), considering spin, is
NOS =m,m E, |xh’ (1)
where m,, is the free electron mass, m” is the effective mass, and E, is the Fermi energy. The
number of states (NOS) equals the number of surface carriers per unit area X which is the
parameter that is measured in ARPES [2] and SdH [3] experiments. According to ARPES, X
~5x10%cm™. In the SdH of 30 nm Bi nanowire arrays, [3] it was observed that X
~2x10%cm™ . Therefore, taking m" =0.3 [2,3], and the SdH value of the number of surface
carriers per unit area, we find that £, =39 meV.

Assuming standard diffusive conditions (the phonons are thermalized), the thermopower

of the surface carriers is given by (see Ref. [6] for a discussion):

Sy = (kT /3e)1 S ) )

where the energy dependence of the mobility is E°. In the case that the mobility is limited by

boundary scattering, one takes s=0.
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Figure 4 shows the absolute value of the thermopower calculated using Egs. 1 and 2. Notice that
the sign of the partial thermopower is related unambiguously to the sign of the charge of the
carriers. Also note that the thermopower is dependent upon the value of the surface charge and,
is independent of the wire diameter.

The total thermopower S of the Bi nanowires, assuming diffusive thermopower, is the

weighted average of the partial thermopower of the carriers involved (bulk and surface carriers):

g = NugSg +nupSy + pty Sy
Npg +nty, + py,

3)

Here S; is the partial thermopower of surface carriers. S is the partial thermopower of
“bulk like”electrons and Sy is the partial thermopower of “bulk like”holes. 7 is the absolute
temperature in Kelvin. In bulk Bi Sg~-1 T ],LV/K2 and Sy~+3 T ],LV/Kz. We assume the Sg and
Sy of Bi nanowires do not deviate very far from the values for the bulk. g and u are the
mobilities of (bulk-like) electrons and holes in the nanowires and these parameters are dependent

upon wire diameter. N is the number of surface carriers per unit volume. Note that X

=1.8x10"em™ corresponds to a volumetric density N of

1.8%10" cm™ x Area.nanowire ! Volume.nanowire =1.8x10%cm™ x(d /2)/(md* /4), that is

3

diameter dependent. For example for =30 nm, we find N=1.3x10""cm™ In comparison the

3

number of electrons # and holes p per unit volume in bulk Bi are n= p=1.3x10"cm™ at room



temperature. At low temperatures, and in bulk Bi, n= p=1.3x10"cm"

> . In nanowires, the

densities of electrons and holes are denoted as n and p, respectively. As shown in Fig. 2, n and

p are also diameter dependent and also, it can be expected that they are strongly temperature

dependent (even more so than in bulk Bi) because of the gap that develops due to the SMSC

transition.

Table I. Overall, our interpretation is that there are three carriers in Bi nanowires. The main

properties that characterize these carriers are the following.

Surface carriers

Bulk-like electrons Bulk —like holes

Charge (Unit charge | -1 -1 +1
Electron))
Effective mass (Unit | 0.3 from ARPES [2] | 0.02 0.02

mass electron)

and SdH [3].

Density | d=60 nm N=1.3%x10"%cm™
d=30 nm N=2.6x10"%cm™
d=20 nm N=4x10"%cm™

n=3x10"cm™ @T=0K
3%x10" em™ @T=100K

p=n

SECTION I11. SAMPLE PREPARATION AND THERMOPOWER MEASUREMENTS

Figure 5 illustrates the schematic experimental setup for the thermopower measurements.

Indium
foil

Nanowi&

array

T Figure 5. Sketch of the equipment used for
the thermopower measurements. The
- arrangement is that of an anvil. The indium
Thernlltoelectrlc foil was used to make electrical and
voTtage thermal contact and to avoid breaking the
array when the anvil jaws apply pressure.
Tculd




Figure 6 presents our experimental data of 200-nm and 60-nm nanowires, as well as data from
Reference 7. The 200-nm nanowires are synthesized from Anopore templates. The 60- nm
nanowires were prepared using templates that become available through a collaboration with
Wei Yand, of Tianjin U, China. We also employed templates that were purchased to Synkera
Technologies, Longmont, CO. Figure 6 presents our most recent data for Bi nanowires in the

60+ nm range..

20 I I I I I
200-nm
0 Figure 6. Top. Thermopower of
20 arrays of Bi nanowires of
various diameters and sources.
g -40 The 200-nm and 60-nm data is
"\5;‘ ours. The 200 nm diameter
¥ -60 65-n templates are Anopore. The 60
40-nm . nm templates are from Wei
-80 - DIEsselnaus groupidata Yang, Tianjin U. .The data from
100 b ) publications and reports to
Bulk Bi (C3//AT) Darpa by the Dresselhaus-
-120 L ! L ! ! group is clearly indicated.
0 30 100 150 200 250 300
Temperature (K)
1.7
1.6 : .
50 nm Bi nanowire Array
15
X
o 14
3
Z 13 Bottom part of Fig. 6 (See
e 1.2 previous figure). Resistance of
ol the 60-nm Bi nanowire array
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Our interpretation of the data in Fig. 6 and 7 is as follows. The data for 200-nm
nanowires can be interpreted in terms of Eq. 3 by neglecting the surface term, as shown in Ref. 4.
We assume and it is accepted generally that, in 200-nm Bi nanowires, n and p are the same as in
the bulk. At high temperatures (T > 50 K), the mobility of electrons and holes is limited by bulk
mechanisms (phonon scattering) and then g ~ 10 uy; then, the thermopower is dominated by
electrons, the thermopower is negative and similar to that of bulk Bi. We present supporting data
in Section IV. The thermopower of 200-nm Bi nanowire arrays is positive at low temperatures
because boundary scattering is more effective for electrons than for holes. In other words at low
temperatures g ~ fy. This is reasonable because electrons, having smaller effective masses than
holes, are more easily scattered than holes by the nanowire surface. The 60-nm nanowires
thermopower data evidences a mixed electronic transport behavior as demonstrated by the
complex behaviour of the thermopower. As shown in Fig. 2, at low temperatures, the density of
“bulk-like” carriers is very small. Therefore, the linear negative thermopower is interpreted in

terms of surface charges. From Sg=-1.25 T pV/K (Fig. 6), and from the theory results in Fig 4,
we find a surface density N of 2.0x10"”¢m™ in fair agreement with ARPES [2] and SdH [3].
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The 60-nm diameter data shows, with a maximum at 130 K, a bump similar that to that exhibited
by the 200-nm data. We interpret this bump as evidence of the presence of “bulk-like” carriers at
high temperatures. This is surprising at first sight because Fig. 2 show that the “bulk-like” carrier
density is close to zero for wires in this diameter range; however, the data for Fig 2 was gathered
at low temperatures. If there is a gap in the 60-nm nanowires in the present study, it is very
shallow; at high temperatures we can expect a substantial population of “bulk-like” carriers as it
is observed. Therefore, as anticipated, the high temperature data in Fig. 6 bears evidence of the
three carriers (surface at low temperature and bulk-like at high temperatures). Another
interesting aspect of this data is that the linear thermopower due to surface states appears to be
important even at 50 K (the surface states survive at high temperatures). In retrospect, this is not

surprising because ARPES observations are performed at 130 K.
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In the remaining of the present section we discuss the results for small diameter
nanowires that is presented in Fig. 7. The thermopower of 35-nm nanowires is much larger than
that of 60-nm and 20-nm Bi nanowires and this is the remarkable size effect that we are
presenting. In fact the strength of the thermopower of 35-nm nanowires rivals that of Bi single
crystals. The experimental result presented in Fig. 8 can be understood as a quantum
confinement effect where a subband of low carrier density (the thermopower is inversely
proportional to the carrier density) is at the Fermi level in 35-nm diameter Bi wires We believe

that this result can be optimized (by tuning the wire diameter, for example).
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SECTION IV. THERMOPOWER OF LARGE DIAMETER Bi NANOWIRES

In order to make sure that we understood large diameter nanowires and the mechanism of
limitation of the mobility in this simple case, we studied of electronic transport in individual Bi
nanowires of large diameter relative to the Fermi wavelength. Measurements of the thermopower
(and resistance) of intrinsic and Sn-doped Bi wires with various wire diameters, ranging from
150-480 nm, were carried out over a wide range of temperatures (4-300 K) and magnetic fields

(0-14 T). These results are presented in Fig. 9
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The thermopower of intrinsic Bi wires in this diameter range is positive (type-p) below about
150 K, displaying a peak at around 40 K. In comparison, intrinsic bulk Bi is type-n. Magneto-
thermopower effects due to the decrease of surface scattering when the cyclotron diameter is less

than the wire diameter were measured also. The measurements were interpreted in terms of a
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model of diffusive thermopower, where the mobility limitations posed by hole-boundary
scattering are much less severe than those due to electron-hole scattering. This work, that is a
collaboration with A. Nikolaeva of the Academy of Sciences of Moldova, has been submitted to

Physical Review under the title “Diameter-dependent thermopower of bismuth nanowires”.

SECTION V: DOPING EXPERIMENTS.

We tried the approach of removing surface states in our nanowires. Our idea was to
counter-dope the surface carriers, that are electron-like according to our thermopower
measurements, with an electron-acceptor impurity, Sn. This would have had the effect of
decreasing the NOS in Eq. 1, decreasing Er in Eq. 2, therefore INCREASING the contribution
of the surface states to the thermopower S. This does NOT work as we show below.

Figure 9 shows the concentration of bulk carriers in bulk Bi;«Sny from the literature.
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notice that we use templates from Synkera whereas in the results presented in Figure 6 we used
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Thermopower (u\V/K)

templates made by Wei Wang.. Synkera templates are sturdier, thicker and available

commercially. As a note, examination of these results show that the slope of the thermopower at

low temperatures is smaller than for Yang’s templates indicating higher density of surface

carriers. The results are shown in Figure 11.
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Figure 11. Thermopower
of arrays of 60-nm doped

Bi  nanowires.  These
arrays are based on
templates  made by

Synkera Technologies.

The main result is that since the slope of the thermopower at low temperatures is

basically the same for all the alloys. We conclude that doping does not affect the surface

char ge drastically (the changes that occur at intermediate temperatures are related to change of

electron and hole mobilities in all likehood). This research will be presented in detail in a future

publication.
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SECTION VI: PRELIMINARY EXPERIMENTS OF TUNING THE FERMI LEVEL
WITH A MAGNETIC FIELD.
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F in

Figure 12. Transverse magnetic
field dependent thermopower of
arrays of 60-nm Bi nanowires.
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The thermopower exhibits magnetic field effects at all temperatures, as shown in Figure
12. At high temperature, the effects can be interpreted similarly to the familiar magnetic field
effects in the thermopower of bulk Bi; these effects are mobility effects. However, the low
temperatures, the observed effects can be considered as evidence that the wavefunction of the
surface states remain coherent over the path consisting of a turn around the nanowire. The
thermopower effect would arise because, in quantum mechanics, the phase of the surface states
wavefunction has an added term (called cyclic phase or Aharonov-Bohm phase). In fact, for a
60-nm nanowire, the magnetic field that changes the phase of the wavefunction by 360° is 0.8 T
when the magnetic field is applied parallel to the wirelength. In this quantum-mechanical
scenario, the condition of constructive and destructive interference changes with the magnetic

field and therefore the value of the density of surface charge carriers oscillates with applied

15



magnetic field. As is shown by the figure, the thermopower changes by ~ 20% at 50 K with a 0.4
T transverse magnetic field. We were not able to finish this investigation and these results are
only preliminary.

There is supporting evidence. We have observed an oscillatory dependence of the low
temperature resistance and of the thermopower of individual single-crystal bismuth nanowires on
the Aharonov-Bohm phase of the magnetic flux threading the wire. 55 and 75-nm wires were
investigated in magnetic fields of up to 14 T. For 55 nm nanowires, longitudinal
magnetoresistance periods of 0.8 and 1.6 T that were observed at magnetic fields over 4 T are
assigned to A/2e to h/e magnetic flux modulation. The same modes of oscillation were observed
in 75-nm wires. The observed effects are consistent with models of the Bi surface where surface
states give rise to a significant population of charge carriers of high effective mass that form a
highly conducting tube around the nanowire. An interpretation of the magnetoresistance
oscillations in terms of a subband structure in the surface states band due to quantum interference
in the tube can be presented. A paper about these results was submitted to the Physical Review in
April of 2007. The paper is still under review. The paper is a collaboration with A. Nikolaeva of
the Academy of Sciences of Moldova and M. J. Graf of Boston College.

SECTION VII: SUMMARY OF THE MOST IMPORTANT RESULTS.

Gains in the thermoelectric figure of merit have been obtained by decreasing the phonon
thermal conductivity of the thermoelectric material. Another approach for better thermoelectrics
is the exploitation of electronic quantum confinement effects in nanostructured samples. We
have investigated experimentally if quantum confinement effects can lead to a large
thermopowers. Previous experimental studies of well characterized samples failed to show an
enhancement of the thermopower, but the reason for this failure was not identified. Here we
present the results of our research that leads us to conclude that bismuth nanowires have, in
addition to bulk electrons and holes, a third type of charge carriers (surface charges). The effect
of surface charges is to shift the range of diameters over which the relevant phenomena occurs.
We investigated the range of diameters 20-200 nm and report thermopower enhancements in 35
nm Bi nanowire arrays. At room temperature, the thermopower of 35 nm nanowire is found to
be 95 uV/K, larger than the thermopower of Bi single crystals at the same temperature. We also

show that the thermopower can be further optimized by applying a magnetic field.
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